Bismuth, a non-magnetic material with a crystal magnetic anisotropy was vaporized by laser and resistance heating methods and deposited on a glass plate as a substrate in a high magnetic field of 12 T. The glass plate was set at the position with the maximum magnetic field intensity in perpendicular to the magnetic field direction. In the case of the laser heating method, the tendency of crystalline orientation in a thin film obtained in the presence of the high magnetic field did not agree with the theoretical prediction derived from the viewpoint of magnetization energy, and the particles on the film surface became coarser. On the other hand, in the case of the resistance heating method, the tendency of crystalline orientation appeared as expected from the theoretical prediction and a finer particle size was obtained in the presence of the magnetic field. Furthermore, a new evaluation method for crystalline orientation has been proposed.
Introduction
The recent development of superconducting magnet technologies has been able to provide a rather large space with a high magnetic field even in small-scale laboratories. Under such circumstance various effects of a high magnetic field have been studied in the field of materials science and engineering. As a result it has been found that these effects are tangible in not only ferromagnetic materials but also nonmagnetic ones such as paramagnetics and diamagnetics, on which a magnetic field has been considered to reveal negligible effects. The several attempts made for improving material properties by use of a high magnetic field have been based on the two functions of magnetization force. One is the function by which ferromagnetic and paramagnetic materials are pulled to a magnet and diamagnetic ones are repulsed, and the other is the one by which materials are rotated to a magnetic field direction as a compass rotates to the north direction. The former force has been mainly used for magnetic separation, 1) magnetic levitation 2) and measurement of the magnetic susceptibility of materials. 1, 3) The latter one is used for the alignments of crystal orientations and texture structures on the basis of the magnetic susceptibility difference due to crystal magnetic anisotropy and the demagnetization factor difference due to shape anisotropy. Especially, a number of materials have different magnetic susceptibilities in each direction of their unit crystal cells so that such crystal cells have the possibility to align to the magnetic field direction, even if they are non-magnetic materials. Therefore, the possibility of magnetic transportation and magnetic rotation have been examined under several processes such solidification, [4] [5] [6] [7] electro-deposition, 8) vapordeposition [9] [10] [11] and solid phase reaction. 12) Now the application of a high magnetic field is expected as one of the useful technologies in materials processing.
In this research, Bismuth, a non-magnetic material with a crystal magnetic anisotropy was deposited on a glass plate as a substrate in a high magnetic field. And the two different heating methods of laser and resistance were adopted to investigate the effects of the energy difference in vaporized particles on the crystalline orientation. That is, by adjusting the deposition rate in the two methods, it is possible to change the flux of particles vaporized on the surface of a target. This means that the kinetic energy of vaporized particles is changeable. Here, the crystal orientation is discussed in comparison with a theoretical prediction and the surface aspects of the films deposited in the two methods are compared.
Experimental
Figures 1 and 2 show the schematic view of the experimental apparatus for the resistance and laser heating methods, respectively. The substrate and the crucible filled with a target material of bismuth with 5 nine purity were put into a vacuum chamber set in the bore of a superconducting magnet generating a field of 12 T at the maximum intensity. Experimental conditions for both resistance and laser heating methods are listed in Tables 1 and 2 , respectively. A glass plate (10 mm Â 10 mm) as the substrate, which was cleaned in an ethanol bath with an ultrasonic cleaner to eliminate organic materials on its surface, was set in perpendicular to the magnetic field direction at the position with the maximum magnetic flux density in the bore. The distance between the substrate and the target was fixed at 0.10 m. In order to control the substrate temperature, an electric heater was installed behind the substrate holder and the temperature was monitored by a thermocouple fixed to the substrate holder. After the degree of vacuum in the chamber reached a value of 5 Â 10 À3 Pa, bismuth as the target in the crucible was heated up to 1073 K by the electric heater in the resistance heating method as shown in Fig. 1 , and locally up to about 2000 K in the laser heating method by a CW-YAG laser (wavelength: 1064 nm, power density: 3 Â 10 7 W/m 2 , irradiated area: 2 mm
2 ) irradiated from the upper part of the chamber as shown in Fig. 2 . The time of deposition was fixed at 30 min and the deposition rate was about 0.7 mm/min in both methods. Therefore, vaporized particles in the laser heating method could have a higher energy than those in the resistance heating one because the temperature and the deposition rate in the laser heating are higher and equivalent in comparison with those in the resistance heating, respectively.
A new method that evaluates the degree of crystalline orientation from the intensity of X-ray diffraction lines obtained by an X-ray diffraction analyzer (XRD) is proposed here as given in eq. (1)
where F is defined as the facial angle measured from c-plane of the crystal, hkl is the facial angle between (hkl) and (00n) planes, I hkl is the intensity of (hkl) plane in the X-ray diffraction pattern. Here, I hkl is defined as the height of the peak intensity measured from the background level. The reason why the height of the peak intensity is adopted instead of the integrated intensity of the peak mountain, mainly comes from the convenience. The facial angle F is reduced to 0 when all crystals are oriented to c-plane and to 90 when they are oriented to a; b-plane.
The surface morphology of films was observed by use of a scanning electron microscope (SEM).
Results

Crystal orientation under a magnetic field
Magnetic susceptibilities of bismuth, which has a hexagonal crystal structure with crystal magnetic anisotropy, are a;b ¼ À1:24 Â 10 À4 for a; b-axis and c ¼ À1:76 Â 10
À4
for c-axis, respectively. 13, 14) In a magnetic field, the magnetization energy U is given as,
where B is the external magnetic field, N is the demagnetization factor due to the shape magnetic anisotropy, 0 is the magnetic permeability in vacuum and is the magnetic susceptibility. The relation of U a;b < U c can be derived by substituting the magnetic susceptibility for each crystal orientation of bismuth into eq. (2). As the lower energy state is preferable, a; b-axis should be parallel to the magnetic field direction from the viewpoint of the magnetization energy, that is, the a; b-plane orientated film is stable when the substrate plane is set in perpendicular to the magnetic field direction. Figure 3 shows the relation between the magnetic field intensity and the facial angle F , which is evaluated by using eq. (1). The orientation toward a; b-plane was steep up to 5 T and then increased in a gentle way. That is, increase of the facial angle with increase of the magnetic field intensity agrees with the theoretical prediction. In Fig. 4 , the relations between the substrate temperature and the facial angle are shown. With increase of temperature the facial angles of the films obtained under no magnetic field and the magnetic field of 12 T approach up and down to the value J evaluated from a JCPDS card, respectively. In the SEM image shown in Fig. 5 and the distributions of particle size shown in Fig. 6 , the size of the particles appear to decrease by imposition of the magnetic field in comparison to the case with no magnetic field. The mean values of precisely measured particle size were 150 nm under no magnetic field and 106 nm under the magnetic field of 12 T. That is, the particle size decreased with the imposition of magnetic field in the resistance heating method. Figure 7 shows the relation between the magnetic field intensity and the facial angle F of bismuth films deposited in the laser heating method. The orientation toward c-plane intensified with increase of the magnetic field intensity even though the a; b-plane orientation should be preferable from the view point of magnetization energy. This result tells that the effect of the imposition of a magnetic field exists but the crystal orientations obtained in the experiments do not agree with the theoretical prediction. In Fig. 8 , the relations between the substrate temperature and the facial angle are shown. The facial angles approach up to J with increase of temperature regardless of the application of magnetic field. From the SEM image given in Fig. 9 and the distributions of particle size given in Fig. 10 , it is found that the particle size increased with the imposition of magnetic field in the laser heating method. This result is opposite to that seen in Figs. 5 and 6. 
Resistance heating method
Laser heating method
Discussion
For the appearance of the crystalline orientation due to crystal magnetic anisotropy, the magnetization energy should be larger than the thermal energy inducing thermal disturbance. This condition is expressed as eq. (3) by using eq. (2),
where V is the volume of a particle, k B is Boltzmann constant, Á is the difference between the magnetic susceptibilities in two crystallographic directions (in the case of bismuth: jÁj ¼ j a;b À c j ¼ 5:2 Â 10 À5 ) and T is the temperature in Kelvin. Since the size and temperature of particles moving on the surface of the substrate are unknown, a quantitative consideration is not possible here. However, the condition adopted in the resistance heating method may satisfy eq. (3) because the crystalline orientation was tangible with increase of the magnetic field intensity as shown in Fig. 3 . On the other hand, in the laser heating method, another mechanism should be taken into account because the crystal orientation does not agree with the theoretical prediction mentioned in 3.1. The particles vaporized in the laser heating method have higher energy than those in the resistance heating one. Thus, the motion of particles on the surface of the substrate in the laser heating method could be more intense than that in the resistance heating one so that the effect of Lorentz force should appear more strongly, which is proportional to the velocity of particles and suppresses their motion. That is, in the resistance heating method where the motion of particles could be gentle, it is considered that the effect of the crystalline orientation due to crystal magnetic anisotropy was tangible and the effect of the suppression due to Lorentz force was negligible. On the other hand, in the laser heating method where the motion of particles may be violent, the effect of suppressing the motion of particles due to Lorentz force could exceed the effect of crystalline orientation due to the magnetization force so that the effect of the imposition of magnetic field could appear as Lorentz force and be regarded as if the magnetic field could have reduced the substrate temperature. In fact, these estimations can be confirmed by the following experimental results. The facial angle toward the c-plane orientation intensified both with decrease of the substrate temperature under no magnetic field in the resistance heating method as shown by solid triangles in Fig. 4 , and with increase of the magnetic field intensity in the laser heating one as shown in Fig. 7 . And the reason why the particles coarsened by the imposition of the magnetic field in the laser heating method, as seen in Figs. 9 and 10, could be also explained as the effect of Lorentz force. Since this force constrains the motion of particles in any direction on the plane surface under the condition where the substrate plane is set in perpendicular to the magnetic field direction, particles could locally coalesce as nuclei, from which crystals may grow independently. On the other hand, in the resistance heating method, particles became finer by imposition of the magnetic field as seen in Figs. 5 and 6. This fact that is just opposite to that seen in the laser heating method should be explained by taking account of the effect of the magnetization force, but its reason is now under study.
Conclusion
The following results have been obtained from the theoretical consideration and the experimental work on the deposition of bismuth vaporized under a high magnetic field in the laser and resistance heating methods.
(1) In the case of the resistance heating method, the crystal orientation appeared as expected from the magnetization energy.
(2) In the case of the laser heating method, the effect of the imposition of magnetic field appeared as the effect of Lorentz force but the crystalline orientation due to the magnetization force was not observed. (3) Particles on the surface of the films became finer in the resistance heating method and coarser in the laser heating one when a high magnetic field was imposed. (4) The facial angle defined by eq. (1) has been newly proposed to evaluate the degree of crystalline orientation.
